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STABILIZING BUILDING FOUNDATIONS THREATENED
BY THE PINE HILLS, FLORIDA SINKHOLE
Gary L. Kuhns, P.E.
Geotechnical and Environmental Consultants, Inc.
Orlando, Florida USA

Mark C. Canty, P.E.
Geotechnical and Environmental Consultants, Inc.
Orlando, Florida USA

ABSTRACT
On June 11, 2002, a 150-foot wide and 60-foot deep sinkhole collapsed in Pine Hills, near Orlando, Florida. The Pine Hills Sinkhole
was the largest sinkhole to occur in Central Florida in the past 20 years. The collapse swallowed approximately 10,000 cubic yards of
earth, sidewalks, light fixtures, a sanitary sewer and several large oak trees in less than 2 hours. The rim of the sinkhole came within a
few feet of the shallow foundations of 2 three-story apartment buildings. Observation and subsequent geotechnical analysis showed
that the sinkhole slope supporting the buildings was subject to imminent failure, and if a slope failure were to occur, it would likely
result in a complete loss of the structures. The weather forecast predicted heavy rainfall, which could further destabilize the steep
sand slope.
Immediate action was taken to prevent slope failure, including the rerouting of stormwater roof drains and placement of a 30 mil-thick
PVC liner over the slope adjacent to the buildings. A detailed geotechnical investigation including Ground Penetration Radar,
electronic Cone Penetration Test soundings and Standard Penetration Test borings was immediately implemented to develop
geotechnical parameters for remedial design. Due to critical time constraints, a chemical grouting program was conducted
concurrently with the investigation to provide temporary stabilization of the building foundation soils from undermining due to the
adjacent sinkhole. Settlement and cracking of the building slab foundations and walls were observed within a few days after the
sinkhole collapsed, and the settlement and cracking accelerated with time.
The permanent design solution for stabilizing the building foundations, and adjacent sidewalks and utilities, was installation of a
Giken Wall using the Press-In installation method. The 200-foot long wall was located between the sinkhole and the buildings. The
wall was comprised of 3-foot diameter interlocking steel pipe piles that were 50 feet in length. The combined internal auger and
Press-In installation methodology allowed the wall to be constructed adjacent to the sensitive sand slope with negligible ground
disturbance. The building movement was arrested by construction of the Giken wall and the building foundation stabilization was
complete within 1 month after the sinkhole occurred. The relatively minor damage to the structures was then repaired and tenants
have returned to occupy the buildings.
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SITE DESCRIPTION
The Woodhill Apartments are located in the southwest
quadrant of the intersection of Dorscher Road and Balboa
Drive in Orange County, Florida. The site location is shown
on the USGS Quadrangle on Fig 1.

Fig. 1 USGS Quadrangle Map
The development includes 21 three-story apartment buildings
that border the outside edge of a large surface depression in
the central portion of the site. This topographic depression is
a relic sinkhole and is used as a park and a stormwater
retention pond. The buildings are of wood frame construction
and are supported on a concrete monolithic slab with
thickened edges to provide foundation support.
The
construction plans indicate the building footings were
designed for an allowable bearing pressure of 2000 psf. The
buildings of interest are Buildings 1300 and 1400 located on
the west side of the development. These structures are
between 300 and 400 feet from the approximate center of the
original relic sinkhole, which is now a stormwater pond.

at the bottom were obscuring visual observation of the
sinkhole “throat”. In the time since the collapse, the diameter
of the sinkhole had increased by only a few feet, although
further vertical movement of soil along the sides of the
sinkhole had been noted. On the evening the sinkhole
occurred (June 11), no water was visible at the bottom of the
depression; however, standing water was present at the bottom
on the morning of June 13 and has remained. The water level
appears to have risen 15 to 16 feet since it was first observed.
A large tree was visible at the bottom of the depression on the
evening of June 11, and the tree continued to subside into the
sinkhole with a much smaller portion of the tree visible as of
the morning of June 14.
By visual observation, soil
accumulated on the sinkhole bottom after the evening of June
11, thereby decreasing its depth and indicating that soil, trees
and other debris had at least temporarily closed the throat of
the sinkhole. The exposed soil along the sides of the conical
depression were sands, and the sands present in the upper 25
feet of the depression are relatively clean, containing few silt
or clay-sized particles.
A topographic laser survey of the sinkhole conducted on June
13 indicated a water surface elevation at the bottom of about
+52 ft, which is about 56 feet below the finished floor
elevation of Building 1300 (+108 ft). Side slopes of the
sinkhole varied, but typically ranged from about 1.1 to 1.4
horizontal to 1 vertical at the time the survey was performed.
A site plan showing the sinkhole and building locations is
shown on Fig 2.

THE SINKHOLE COLLAPSE AND ITS IMPACT ON
BUILDING FOUNDATIONS
On June 11, 2002, residents and maintenance personnel noted
ground subsidence occurring in a grassed area about 100 feet
east of Building 1300 at about 5:00 pm. Initially, the
subsidence was described as about 10 feet in diameter, but the
ground surface collapsed abruptly to a larger diameter with a
loud “tearing” sound and a strong ground vibration. Within
about 1.5 to 2 hours the sinkhole grew to a surface diameter of
about 150 feet. Rough measurements of its depth on the night
of collapse indicated a bottom depth of about 60 feet, but
darkness and large trees that appeared to be standing vertically
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Fig. 2. Site Plan of Sinkhole and Building Locations
As previously discussed, standing water was visible in the
sinkhole a few days after the collapse at an estimated elevation
of about +52 ft, which approximates the normally confined
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Floridan Aquifer.
The shallow water table aquifer
(unconfined) at the sinkhole location is normally as high as
+85 ft; therefore, it appears the sinkhole created a 30-ft
drawdown in the water table. The standing water rose as the
throat of the sinkhole became clogged with material that
created a barrier to downward groundwater flow. It was
possible that a rise in water levels could induce downward soil
movement and unclog the throat, causing further slope
instability. These cycles of clogging and unclogging can
occur many times before stability of the sinkhole throat is
achieved.
The stability of the foundations for Buildings 1300 and 1400
was immediately threatened by the adjacent sinkhole. The
sinkhole rim was about 4 feet from the edge of the sidewalk
and about 14 feet from the foundation of Building 1300. The
side slopes of the sinkhole in this area ranged from about 1.1
to 1.4 horizontal to 1 vertical when the topographic survey
was performed on June 13. The sinkhole rim later expanded
to the edge of the sidewalk, and sloughing of the side slopes
below the rim adjacent to the buildings continued. For the
clean fine sands (SP) present in the upper 25 feet of the soil
profile, the maximum slope considered stable on a temporary
basis is about 1.5 horizontal to 1 vertical (1.5:1); however, for
long-term stability, a slope no steeper than 2:1 is needed for
adequate protection against slope failure. Further, fine sand
slopes that are saturated or are subjected to lateral seepage are
generally not stable at slopes steeper than 4:1. As the side of
the sinkhole adjacent to the buildings continued to erode to
achieve a stable slope, the building foundation would be
undermined. Saturation of the side slope due to rainfall, or
groundwater seepage at the natural water table elevation
(about 20 feet below the sinkhole rim) would hasten slope
failure and undermining of the adjacent building foundations.
TEMPORARY FOUNDATION STABILIZATION
Gary Kuhns, P.E of GEC arrived at the site at about 7:30 pm
on June 11 to evaluate the immediate threat the sinkhole posed
to building stability. Building 1300 had been evacuated at that
time. After observing the proximity of the sinkhole to
Building 1400, GEC recommended an evacuation of that
building as well, which was commenced immediately by the
Orange County Sheriff’s Department. Further observation
revealed that the building’s roof drains were connected to
underground pipes that had been severed by the sinkhole.
During a rainfall, the broken ends of the underground pipes
would hasten saturation of the soils adjacent to the sinkhole
and cause additional slope failure. GEC recommended that
the roof drains be disconnected from the underground pipes
and rerouted around the sinkhole using flexible plastic pipes
on the ground surface. The ground maintenance personnel
accomplished this on the morning of June 12. GEC further
recommended that an impermeable liner be installed over the
ground between the buildings and the sinkhole, with the liner
extending down the side of the sinkhole. The purpose of the
liner was to prevent saturation and erosion of the soils
between the buildings and the sinkhole due to direct rainfall.
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Personnel from Associated Construction Products, Inc.
installed a 30-mil thick PVC liner in the designated area on the
afternoon of June 12. Underground sanitary sewer and
irrigation lines that were severed by the sinkhole were capped
by the afternoon of June 13 to prevent flow into the sinkhole.
Exploration of the soils adjacent to the west perimeter of the
sinkhole using electronic piezocone soundings revealed the
presence of loose fine sand to a depth of about 20 feet below
the building foundations. These clean sands are not stable at
steep slopes and are easily weakened by saturation. Therefore,
we recommended immediate stabilization of the sands
adjacent to the building foundations that abut the sinkhole
using chemical grout. Chemical grout consists of sodium
silicate and glyoxal that are mixed immediately before
injection into the ground. After injection, the mixture reacts to
harden into a sandstone-type material after about 2 to 3 days.
We recommended a total of 70 injection points (42 for
Building 1300 and 28 for Building 1400) with treatment to a
depth of 20 feet. The grout injection pipes were spaced at a
distance of about 36 inches and 20 gallons of chemical grout
were injected per vertical foot. This procedure would create a
grout barrier approximately 3 feet wide that would be resistant
to further slope degradation and should reduce groundwater
seepage toward the sinkhole face. Representatives of John N.
Puder, Inc. began the chemical grouting program on the
afternoon of June 13, and grouting was completed on June 21.
Although chemical grouting was an effective technique for
foundation stabilization, it could not be considered a
permanent solution. If the grouted sands were exposed to the
elements due to sinkhole expansion, they would degrade
rapidly. The chemical grouting program provided some
resistance to undermining while a long-term stabilization
method was implemented. The grout injection locations are
shown on the Site Plan on Fig. 2.
CENTRAL FLORIDA GEOLOGY
Due to its prevalent geology, referred to as karst, Central
Florida is prone to the formation of sinkholes, or large,
circular depressions created by local subsidence of the ground
surface. The nature and relationship of the three sedimentary
layers typical of Central Florida geology cause sinkholes. The
deepest, or basement, layer is a massive cavernous limestone
formation known as the Floridan aquifer. The Floridan aquifer
limestone is overlain by a silty or clayey sand, clay,
phosphate, and limestone aquitard (or flow-retarding layer)
ranging in thickness from nearly absent to greater than 100
feet and locally referred to as the Hawthorn formation. The
Hawthorn formation is in turn overlain by a 40 to 70-foot thick
surficial layer of sand, bearing the water table aquifer. The
likelihood of sinkhole occurrence at a given site within the
region is determined by the relationship among these three
layers, specifically by the water (and soil)-transmitting
capacity of the Hawthorn formation at that location.
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District and Vicinity, Florida,” 1984, the site lies in a known
high recharge area and, therefore, the site also lies in an area
where the risk of sinkhole formation is high compared to the
overall risk across Central Florida. The potentiometric surface
of the Floridan aquifer at the sinkhole site is about +55 ft
NGVD according to the September 2000 USGS map entitled
“Potentiometric Surface of the Upper Floridan Aquifer in the
St. John’s River Water Management District and Vicinity,
Florida.” Since the water table at the site is at elevations
ranging from +65 to +95 ft NGVD, a downward gradient
exists that is conducive to ravelling associated with sinkhole
activity.
Fig. 3. Karst Geology of Central Florida.
The water table aquifer is comprised of Recent and
Pleistocene sands and is separated from the Eocene limestone
of the Floridan aquifer by the Miocene sands, clays and
limestone of the Hawthorn formation. Since the thickness and
consistency of the Hawthorn layer is variable across Central
Florida, the likelihood of groundwater flow from the upper to
the lower aquifer (known as aquifer recharge) will also vary
by geographical location. In areas where the Hawthorn
formation is absent, water table groundwater (and associated
sands) can flow downward to cavities within the limestone
aquifer, like sand through an hourglass, recharging the
Floridan aquifer, and sometimes causing the formation of
surface sinkholes.
This process of subsurface erosion
associated with recharging the Floridan aquifer is known as
raveling.
Thus, in Central Florida, areas of effective
groundwater recharge to the Floridan aquifer have a higher
potential for the formation of surface sinkholes.

Fig 5. Sinkhole Formation Mechanism.
In addition to reviewing available sources of geological
information to make a qualitative evaluation of sinkhole risk, a
further evaluation can be made by performing deep borings at
a given site. The purpose of the borings is to evaluate the
thickness and consistency of the upper surface of the
Hawthorn formation and overlying sands to determine whether
raveled soils are present. Obvious indicators of ongoing
raveling and potential future sinkhole activity include
extensive zones of very soft or loose soils, and losses of
drilling fluid circulation. Drilling fluid circulation losses are
generally indicators that the confining layer has been fully or
partially breached at the depth at which losses occur.
SUBSURFACE EXPLORATION

Fig.4. Central Florida Aquifer Systems
No method of geological, geotechnical, or geophysical
exploration is known that can accurately predict the
occurrence of sinkholes. It is common geotechnical practice
in Central Florida to make a qualitative prediction of sinkhole
risk on the basis of local geological conditions in the vicinity
of a particular site. Based on review of the U.S. Geological
Survey Map entitled “Recharge and Discharge Areas of the
Floridan Aquifer in the St. Johns River Water Management
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An exploration of subsurface conditions was conducted to
evaluate the stability of the sinkhole and to design a
foundation stabilization program for the buildings. Our
exploration began by performing a Ground Penetrating Radar
(GPR) survey in front of buildings 1300 and 1400. The
purpose of the GPR survey was to evaluate the possible
presence of subsurface voids in the upper 20 feet of the soil
profile adjacent to the buildings, and the GPR survey did not
encounter evidence of such voids. We then performed a total
of 10 Cone Penetration Test (CPT) soundings around the rim
of both sinkholes. The soundings extended to depths ranging
from about 60 to 100 feet below ground surface.
Subsequently, a total of 6 Standard Penetration Test (SPT)
borings were performed to verify the CPT sounding results
and obtain representative soil samples. The SPT borings were
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extended to depths ranging from 100 to 215 feet. In addition,
2 groundwater piezometers were installed between buildings
1300 and 1400 to evaluate groundwater levels near the west
face of the sinkhole. The boring, sounding and piezometer
locations are shown on Fig. 2.
SUBSURFACE CONDITIONS
The CPT soundings and SPT borings performed along the
west rim of the sinkhole adjacent to Buildings 1300 and 1400
encountered relatively consistent subsurface conditions. The
upper 20 to 25 feet of the subsurface profile consisted of very
loose to medium dense fine sand (SP). Below that depth, the
borings encountered very loose to medium dense silty sand
and silt to a depth of about 55 to 60 feet below ground surface.
At that depth, a layer of weathered limestone was encountered
which extended to the maximum boring depth of 120 feet. No
voids or zones of extremely loose or soft soils were
encountered in the SPT borings or CPT soundings performed
in this area. Losses of drilling fluid circulation occurred at
depth in each SPT boring.
Subsurface conditions changed dramatically in the soundings
and borings performed on the east side of the large sinkhole.
In that area the borings typically encountered medium dense to
dense fine sand (SP) and fine sand with silt (SP-SM) to the
100 foot termination depths. The subsurface data indicates
that the depth to the limestone layer plunges dramatically from
west to east across the sinkhole site; toward the center of the
ancient sinkhole. We estimated the depth to limestone at the
throat of the large sinkhole to be about 90 feet below existing
ground surface.
Conceptual subsurface profiles illustrating the subsurface
conditions in the vicinity of the large sinkhole during and after
the collapse are shown on Figs. 6 and 7.

Fig. 6. Collapse Conditions on 6-11-02.
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Fig. 7. Sinkhole Conditions on 6-13-02
The piezometers were monitored for groundwater levels
throughout the exploration and foundation stabilization
programs. Groundwater was typically encountered at depths
ranging from 14 to 15 feet below ground surface and
piezometer P-1 corresponding to a groundwater elevation of
about +92 feet. Groundwater was never encountered in
piezometer P-2 that was installed adjacent to the west face of
the sinkhole. This piezometer extended to a depth of 16 feet
below ground surface.
PERMANENT FOUNDATION STABILIZATION
Two basic approaches to long-term stabilization were
considered. The first approach considered was to attempt to
“plug” the sinkhole and place fill above the plug to achieve
stable slopes for foundation support. The second approach
was to design a permanent shoring system that can protect the
buildings from future encroachment of the sinkhole as well as
a future re-collapse.
Considering the first approach, several unknowns existed that
made it difficult to evaluate the effectiveness of this solution.
The main difficulty is the unknown shape and configuration of
the sinkhole throat, as well as the underlying void in the
limestone. The sand, trees and other debris that formed a
natural “plug” obscured the exact location and shape of the
throat. It was not possible at the time to safely explore
conditions at the sinkhole throat since the risk to personnel
and equipment would be too great. Therefore, the nature and
size of the plug that would be needed was difficult to assess.
In any event, a man-made plug would be underlain and
supported by the natural material in the throat, which may not
remain in place for an extended time period. We do know that
the throat must be relatively large to have transmitted a large
volume of soil over a relatively brief period of time. We also
know that the underlying void must be large to have accepted
that volume. Unfortunately, we know little about the nature of
the material where the throat appeared. Due to the loud noise
and high amplitude of ground vibration that occurred at the
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primary subsidence, a fracturing of the underground limestone
formation in which the throat appeared could have occurred.
Filling the sinkhole would place significant stress on the
fractured layer and could lead to a re-collapse or expansion of
the sinkhole. If filling were to reactivate the sinkhole and reopen or expand the throat, undermining of the building
foundations could occur. If this solution were implemented,
an extended period of time, probably several months, would
be needed to monitor and explore the sinkhole prior to, and
following, major filling operations. During this evaluation
period, the buildings would need to remain evacuated until a
final determination of foundation stability could be made.
Also, continued erosion and slope instability would further
increase the size of the sinkhole and jeopardize the buildings.
Due to the unknowns associated with filling the sinkhole, we
focused our attention on developing an earth retaining system
that could protect the buildings in the event of the sinkhole
expansion, or a reactivation. A steel sheet pile wall could be
installed that would provide such protection, but installation of
a wall using conventional techniques such as vibration or
jetting could further destabilize the steep slopes adjacent to the
buildings. However, a steel tubular pile wall, or Giken Wall,
could be installed using the Silent Piler press-in method
without generating significant ground vibration. The pile is
advanced as far as possible by hydraulically “pushing” it into
the ground, and then an auger is inserted into the open center
of the pile that penetrates no more than 3 feet ahead of the pile
tip. The pile is then pushed ahead 3 feet by the Silent Piler.
This process is repeated until the pile reaches its tip elevation.
The piles are interlocked and the Silent Piler is supported on
the installed piles as it presses-in the next pile in succession,
using the installed piles to develop the necessary reaction.
Based on our evaluation of the current and estimated future
sinkhole geometry, a Giken Wall with 36-inch diameter steel
tubular piles installed to a depth of 50 feet would provide
adequate protection for the structures.

between June and September. It rained at the site almost
every day after the subsidence occurred; and an intense storm
could quickly saturate the sand soils surrounding the sinkhole.
Further, as the natural plug that formed in the sinkhole throat
separated the water table aquifer and the Floridan aquifer, the
surficial water table would rise to its original depth of about
15 to 20 feet. Groundwater would then seep through the sides
of the sinkhole, destabilizing the steep soil slopes and
potentially undermining the structure foundations.
Based on this recommendation, installation of the Giken wall
began on or about June 26th and was completed on July 11th.
GEC provided full-time monitoring of wall installation to
verify compliance with our recommendations. A drawings
provided by Giken depicting the wall installation is shown on
Fig. 8.

Fig. 8. Giken Wall Installation.
The sinkhole conditions after wall installation are shown on
Fig. 9.

Our slope and wall stability calculations were performed
using the PCSTABL and CWALSHT computer programs.
The location of the proposed wall is shown on the Site Plan on
Fig. 2. Prior to the Pine Hills Sinkhole, this wall system had
been used successfully on one project in the United States and
has been implemented extensively overseas.
The Giken Wall provided the most positive means of
protecting the buildings, while also providing safe working
conditions during implementation. It was installed in a period
of about 2 weeks from commencement of operations. With
the wall in place, complete filling of the sinkhole would not be
required and a great deal of flexibility in grading and
landscaping would be possible.
Although immediate measures were taken to temporarily
stabilize the building foundations, rapid implementation of a
permanent solution was needed to prevent a building
foundation failure. Central Florida was beginning its summer
wet season, and historically 75% of our annual rainfall occurs
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Fig.9. Sinkhole Conditions on 7-16-02.

6

STRUCTURE SETTLEMENT
A total of 8 settlement monitoring points were established on
buildings 1300 and 1400 by the project surveyor, Jones, Wood
& Gentry, Inc., and monitoring began on June 15, 2002. The
survey data indicated that a total settlement of about 1.6 inches
occurred at the southeast corner of Building 1300 and about
0.6 inches occurred at the northeast corner of Building 1400.
However, no additional settlement was observed at the
monitoring points on the buildings since July 15, 2002. The
settlement data indicates that installation of the Giken wall
effectively arrested the settlement of the two buildings and
stabilized foundation conditions.
Some minor cracking of exterior and interior walls, as well as
jamming of doors, occurred due to the settlement. An
inspection of the buildings by a structural engineer indicated
that no significant structural damage had occurred. Cosmetic
repairs were then made to the buildings so that they could be
reoccupied.
FINAL GRADING OF THE SINKHOLE
Final repairs included rerouting the sanitary line, storm sewer,
phone lines and telephone cables to a location behind the
Giken wall. Then the north, south and east slopes of the
sinkhole were graded to gentle slopes of 4:1 to 6:1. The west
slope adjacent to the sinkhole was terraced with three wooden
landscape-type retaining walls. The center of the sinkhole
remains a small pond and the terraces along the west slope
have been heavily landscaped. The Pine Hills Sinkhole has
become such an attractive site feature that the adjacent
apartment buildings that were threatened by the collapse now
enjoy 100% occupancy.
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